During spermiogenesis, histones are replaced first by transition proteins and then by protamines, resulting in a very condensed sperm DNA structure that is absolutely critical for normal sperm function. We have demonstrated previously that, despite a 9-wk recovery period, mature sperm from rats treated for 9 wk with bleomycin, etoposide, and cis-platinum (BEP), the drugs used to treat testicular cancer, have reduced levels of protamine 1 and a concomitant upregulation of specific histones, highlighting a problem in histone eviction. Here, we demonstrate that regulators of histone removal are increased in elongating spermatids following recovery; however, Ac-H4 and gammaH2AX histones remain elevated in elongating spermatids or caudal epididymal spermatozoa 9 wk post-BEP treatment. This indicates that chromatin remodelers and effector proteins that respond to histone removal cues may be a target of BEP treatment. A decrease in the expression of SMARCE1 in elongating spermatids may explain the persistent retention of histones in cauda epididymal sperm 9 wk after the cessation of BEP treatment. Remarkably, proteins implicated in the translational control and posttranslational processing of protamine 1 are also significantly elevated 9 wk post-BEP treatment, suggesting that histone eviction may dictate the DNA availability for protamine binding. Males mated to control females 9 wk after BEP treatment have reduced litter sizes; moreover, the profile of gene expression in the developing testes of their pups is altered. Altering the proportion of histones to protamine in mature spermatozoa has an adverse impact on male fecundity, with modifications to epigenetic marks potentially threatening normal progeny development.
INTRODUCTION
The number of testicular cancer survivors, primarily men of reproductive age, is progressively increasing over time as a result of early diagnosis, advancements made in the treatment protocols, and the co-administration of bleomycin, etoposide, and cis-platinum (BEP) [1] [2] [3] . Indeed, BEP treatment has increased the 5-yr survival rate for men with all stages of testicular germ cell tumors to over 90% [4] [5] [6] . We have shown previously that significant sperm DNA damage and reduced chromatin compaction persists for up to 24 mo posttreatment in men treated with BEP [7] . In animal studies, BEP exposure has chemotoxic effects on reproductive organ weights, sperm count, motility, and DNA integrity [8] [9] [10] . We have also demonstrated that despite a 9-wk recovery period, mature sperm from rats treated with BEP have reduced levels of protamine 1 and a concomitant increase of specific histones compared to control animals [10] . This latter finding suggests that sperm chromatin remodeling is targeted by BEP treatment.
Chromatin remodeling in late spermiogenesis is a process that requires an ordered replacement of most of the somatic histones by two classes of spermatid-specific basic proteins, the transitions proteins and the protamines [11] . Prior to histone removal, two specific events affect the nucleosome: the incorporation of histone variants and an increase in the acetylation of the core histone tails [12] . It has been proposed that these two modifications result in a looser nucleosomal structure, facilitating the recruitment of factors and complexes involved in histone replacement [13, 14] . The resulting unique and highly compacted sperm chromatin structure is considered to provide sperm with enhanced motility and protection from DNA damage; protection from DNA damage is important since mature spermatozoa are deficient in repair mechanisms [15, 16] . However, with histone tail modifications capable of eliciting gene activation or silencing, it was proposed that sperm protamination removes a potentially informative epigenetic layer in paternal chromatin [17] . With the discovery of retained histones, specifically at the promoters of genes important in the embryo, including developmental gene promoters, microRNA clusters, and imprinted loci [18] , it is clear that the sperm epigenome has a functional role in embryonic development. Thus, the regulation of sperm chromatin remodeling is crucial to the next generation.
We hypothesize that the change in the histone-protamine ratio detected in spermatozoa from the cauda epididymidis after recovery from BEP treatment alters the sperm epigenome and may impact negatively on progeny development. To test our hypothesis, we assessed whether the change in sperm chromatin was due either to a decrease in protamine transcript translation or to a failure in the displacement of histones by protamine during spermiogenesis. Furthermore, we determined the effect of the altered sperm chromatin structure on progeny outcome, gene expression in the early postnatal testes, and aspects of sperm epigenetic inheritance. Understanding the proper establishment and maintenance of the paternal chromatin structure may facilitate the identification and potential treatment of male infertility.
MATERIALS AND METHODS

Animals and Treatment
Male Brown Norway rats (4 mo of age, 12 animals per group; Harlan, Indianapolis, IN) and virgin female Sprague Dawley rats (Charles River, St.-Constant, QC) were housed under controlled light conditions (12L:12D) in the Animal Resources Centre of McGill University. Animals were provided with food and water ad libitum, and all experiments were conducted in accordance with the principles and procedures outlined in A Guide to the Care and Use of Experimental Animals prepared by the Canadian Council on Animal Care (McGill Animal Research Centre protocols 5619 and 2144). Male rats were treated as described previously [10] . Briefly, drug-treated animals received three cycles of 3 wk (9 wk total) of the BEP regimen at a therapeutically relevant dose of 0.63, with a 13 dose being equivalent to the human treatment regimen, as adjusted for body weight and surface area. Animals were administered an oral gavage of 1.8 mg/kg cis-platinum (Mayne Pharma, Montreal, QC) and 9.0 mg/kg etoposide (Novapharm, Toronto, ON) on Days 1-5 of each week. On Day 2 of each week, rats were given an i.p. injection of 0.9 mg/kg bleomycin (Bristol-Meyers, Montreal, QC) dissolved in 0.9% saline. All drugs were purchased from the Royal Victoria Hospital pharmacy (Montreal, QC). The control animals were gavaged on Days 1-5 of each week with 1 ml of 0.9% saline. On Day 2 of each week, control rats were given 1 ml of 0.9% saline via an i.p. injection. Animals were divided into two groups such that one group (n ¼ 6 control, n ¼ 6 BEP treated) of animals was euthanized by CO 2 asphyxiation and decapitation at the end of the 9-wk treatment period, while the other group (n ¼ 6 control, n ¼ 6 BEP treated) was euthanized 9 wk posttreatment and recovery, allowing for the completion of one entire cycle of spermatogenesis posttreatment.
Germ Cell Separation
Round and elongating spermatids were obtained through cell separation using the STA-PUT velocity sedimentation technique, as described by Bellve et al. [19] and modified by Aguilar-Mahecha et al. [20] . Briefly, testes were decapsulated, removing the tunica albuginea and large blood vessels. A singlecell suspension was obtained through enzymatic digestion under continuous agitation at 348C, first with 0.5 mg/ml collagenase (Sigma Chemical Company, St. Louis, MO) for 16 min followed by sedimentation and washing, and then with 0.5 mg/ml trypsin (Type 1, T8003; Sigma) and DNase I (Type 1, DN-25; Sigma) for 16 min. Cells were then filtered through a 70-lm nylon mesh in the presence of DNase I and washed with Minimum Essential Medium Eagle (MEM; M4526; Sigma) containing 0.5% bovine serum albumin (BSA). Following centrifugation and filtration through a 56-lm nylon mesh, 4-5.5 310 8 cells in 25 ml of 0.5% BSA in MEM were loaded into the velocity sedimentation apparatus (STA-PUT; Proscience, Toronto, ON) and separated on a 2%-4% BSA gradient in MEM for sedimentation at unit gravity. Round spermatids (steps 1-9) and elongating spermatids (steps [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] were identified by phase-contrast microscopy. Fractions with an average purity of 80% were pooled, aliquoted, pelleted, and stored at À808C until further analysis.
Spermatozoal Collection
Epididymides were removed, trimmed free of fat, weighed, and sectioned into initial segment, caput, corpus, and cauda regions. The cauda epididymidis was finely minced in fresh PBS (18 mmol/L KH 2 PO 4 , 100 mmol/L Na 2 HPO 4 -7H 2 O, 137 mmol/L NaCl, 27 mmol/L KCl; pH 7.4). The minced tissue was left for 5 min on ice with agitation to allow the spermatozoa to disperse and then filtered through a 70-lm nylon strainer (BD Biosciences, Mississauga, ON). Spermatozoa were subsequently washed three to five times with hypotonic buffer (0.45% NaCl) to lyse any contaminating cells and finally washed in PBS; sperm numbers were counted using a hemocytometer, aliquoted, and then frozen at À808C until further use.
Germ Cell and Sperm Head Protein Extraction
Total protein from round and elongating spermatids was extracted using a radioimmunoprecipitation assay lysis buffer. Frozen sperm samples (25 310 6 cells/ml) were thawed on ice and homogenized with an ultrasonicator (Sonics & Materials Inc., Newtown, CT) for three bursts of 30 sec separated by 30-sec intervals on ice, in order to separate sperm heads from tails. Samples were then filtered twice through a 20-lm nylon mesh and centrifuged at 13 000 3g for 10 min at 48C to obtain a pellet that was 98% pure sperm heads. Sperm heads were lysed and protein was extracted as previously described [10] . Briefly, samples were incubated in a mixture containing 6 M guanidine thiocyanate (Sigma), 575 mM dithiothreitol (Life Technologies, Carlsbad, CA), 7 M urea (ICN Biomedicals, Aurora, OH), and 2 M thiourea (Fisher Scientific, Montreal, QC) for 15 min at room temperature. Chemicals were diluted with the addition of 165 ll of MilliQ (EMD Millipore, Billerica, MA) water followed by ultrasonication for 5 sec to lyse any remaining cells. Samples were then centrifuged at 13 000 3 g for 10 min at 48C, the supernatant was retained, and ice-cold acetone was added to each sample in a 4:1 ratio (acetone:sample) and kept at À808C overnight to precipitate sperm head proteins and solubilize contaminants that interfere with the downstream SDS-containing applications. A final centrifugation was done at 13 000 3 g for 10 min at 48C, the supernatant was removed, and the pellet was air dried prior to being resuspended in 13 Laemmli buffer.
Western Blotting
Total protein was extracted from round spermatids, elongating spermatids, and spermatozoal heads from control and BEP-treated rats as described above. Protein concentrations were determined using the BioRad DC Protein Assay Kit II (cat no. 500-0112) according to the manufacturer's protocol (BioRad, Mississauga, ON). Samples (10 lg/lane) were resolved by SDS polyacrylamide (w/v) gradient (4%-12%) Bis-Tris gels (Life Technologies) at 135 V for 1.5 h using MES (2-(N-morpholino)ethanesulfonic acid) SDS running buffer and then transferred onto polyvinylidene fluoride membranes (GE Healthcare Life Bio-Sciences Inc, Montreal, QC). Membranes were blocked with 5% nonfat milk in Tris-buffered saline (TBS) containing 0.1% Tween-20. Proteins were detected using antibodies specific for PABP (ab21060; Abcam, Cambridge, MA), TRBP (ab42018; Abcam), SRPK1 (ab113114; Abcam), Ac-H4 (06-866; EMD Millipore), RNF8 (ARP40071_T100; Aviva Systems Biology, San Diego, CA), cH2AX (05-636; EMD Millipore), PARP-1 (AM30; EMD Millipore), BRDT (ab5157; Abcam), SMARCE1 (SAB2500144; Sigma), H2B1A (ab1790; Abcam), H4 (ab10158; Abcam), H1.2 (ab17677; Abcam), and H2A1 (ab13923; Abcam), all diluted in 3% nonfat milk in TBS with 0.1% Tween-20 followed by horseradish peroxidase-linked secondary antibodies; the amount of GAPDS (AP8610c; Abgent, San Diego, CA) detected was used to correct for loading.
Chromomycin A3 Assay
The detection of protamine deficiency in sperm chromatin was done using the flow cytometry-based method developed by Bianchi et al. [21] and modified by Zubkova et al. [22] as previously described [10] .
Mating Studies and Collection of Postnatal Day 6 Testes
Following 9 wk of recovery, control or BEP-treated males were caged overnight with two control virgin Sprague-Dawley females in proestrus, as assessed by the cells present in a vaginal smear on the afternoon of mating. Pregnancies were confirmed with sperm-positive vaginal smears the following morning, designated as Gestation Day 0. Pregnant females were separated and allowed to give birth naturally. Pups were first handled, weighed, and examined for external malformations on Postnatal Day 6 (PN6). At this time, male pups of one litter were euthanized; testes were collected and frozen in liquid nitrogen until use. Litters from a second pregnancy, culled to 16 pups, were weaned at PN21. At weaning, male pups were then housed three per cage until 9 wk of age (PN63), to collect spermatozoa from the cauda epididymidis from the first wave of spermatogenesis.
RNA Extraction and Microarray Analysis
Total RNA was extracted from PN6 testes of pups sired by control or BEPtreated fathers (three pups from one litter, pooled) using the RNeasy Micro kit with on-column DNase digestion (Qiagen, Mississauga, ON). RNA concentration was determined using the Nanodrop 2000 (Nanodrop Technologies, Wilmington, DE), and the quality was assessed using a Bioanalyzer (Agilent Technologies, Santa Clara, CA). Gene expression analysis was done using MASELLI ET AL.
Agilent SurePrint G3 Rat GE 8x60K microarrays (n ¼ 5, representing the number of BEP-or saline-treated fathers mated to separate, untreated, female dams). Briefly, 100 ng of RNA was reverse transcribed, and the cyanine-3 (Cy3)-labeled cRNA was hybridized on the microarray according to the manufacturer's instructions. The Agilent Feature Extraction software package (version 12.5; Agilent Technologies) was used to extract the hybridization signal intensities from the scanned images. Using the GeneSpring software (version 12.0; Agilent Technologies), the signal intensities were normalized using logbase 2 and median values to the 75th percentile. Furthermore, of those genes, only those detected in at least 80% of the samples in at least one of the two groups, control or BEP treated, were considered expressed. Probe sets representing genes expressed exclusively in PN6 testes of pups sired by control or BEP-treated fathers were identified. Additionally, probe sets of genes expressed in both groups were tested for statistical significance by an unpaired t-test with P , 0.05 and further filtered using the Benjamini-Hochburg FDR correction. All microarray data were deposited in the GEO database (accession number GSE46910).
Real-Time Quantitative RT-PCR
RNA was diluted to a working concentration of 2 ng/ll, and the Power SYBR Green RNA-to-C T 1-Step Kit (Life Technologies) was used according to the instructions from the manufacturer. PCR thermal cycling parameters were 408C for 30 min and 958C for 5 min (one cycle), 958C for 15 sec, and 608C for 30 sec (40 cycles). Standard curves were generated using 0.2, 2, 10, and 20 ng/ ll of RNA from control PN6 testes in each run for quantification. RT-PCR primers for Crem were ready-made Quantitect Primer Assays (QT01084279; Qiagen), and those for Rn18s were designed using Primer3 software (http:// frodo.wi.mit.edu) and provided by Alpha DNA (Montreal, QC; forward primer 5 0 -CCTCCAATGGATCCTCGTTA-3 0 ; reverse primer 5 0 -AAACGGCTAC CACATCCAAG-3 0 ). The expression levels of all genes of interest were corrected using an endogenous control, 18S rRNA; the relative ratio of mRNA expression of the samples was determined. The results shown are the means from four rats per group with each standard and sample being analyzed in duplicate.
Statistical Analyses
Statistical analyses were done using SigmaPlot 11.0 (Systat Software Inc., Chicago, IL). Results, expressed as means and standard errors of the means, were analyzed using the Student t-test.
RESULTS
Regulation of Histone Displacement Is Altered after Recovery from BEP Treatment
Our prior identification of improper histone retention, exclusively in spermatozoa of animals treated with BEP for 9 wk followed by a 9-wk recovery period [10] , led us to investigate whether the mechanisms of histone displacement were compromised following cessation of BEP treatment for a period longer than the time required to complete spermatogen- 
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esis. The expression of a selection of proteins that function to locally decondense the sperm chromatin and facilitate nucleosome removal during spermiogenesis was assessed using Western blot analysis in round and elongating spermatids, as well as in spermatozoa from the cauda epididymides obtained from animals treated with saline or BEP (Fig. 1) . The acetylation of histone H4 (Ac-H4) is one of the hallmarks of histone eviction. Immediately after 9 wk of BEP treatment, protein expression of Ac-H4 remained unchanged for all cell types when compared to saline-treated controls (Fig. 1A) . However, Ac-H4 was significantly upregulated in the elongating spermatids of animals following a 9-wk recovery period, compared to saline-treated counterparts; furthermore, this increased expression was also found with a similar 3-fold change in spermatozoa, although statistical significance was not attained.
We assessed the protein expression of another modulator of histone displacement, RNF8 (ring finger protein 8), an E3 ubiquitin-protein ligase shown to aid nucleosome removal by preferentially ubiquitinating histone H2A/H2B and promoting the recruitment of acetyl groups to neighboring histone H4 [23, 24] . BEP treatment did not alter the protein expression of RNF8 in any cell type when compared to saline-treated controls (Fig. 1B) . Following a 9-wk recovery period from BEP treatment, elongating spermatids showed an increasing trend in RNF8 expression; this difference was significant in spermatozoa.
The protein expression of cH2AX was assessed, given that the incorporation of histone variants is hypothesized to promote local nucleosomal decondensation and due to its known role in recruiting factors necessary to unwind DNA at sites of damage [25] . Interestingly, BEP exposure resulted in a significant increase in cH2AX specifically in elongating spermatids (Fig. 1C) . Following a 9-wk recovery period, a significant elevation in cH2AX protein expression was observed in both the BEP-exposed elongating spermatids and spermatozoa.
To further assess the regulation of histone removal following BEP treatment, the protein expression of PARP-1 (Poly [ADP-Ribose] polymerase 1), shown to play a role in chromatin organization [26] , was quantified in round and elongating spermatids only (Fig. 1D) , as this protein is not expressed in the head region of spermatozoa. A significant increase in PARP-1 protein expression was observed in elongating spermatids following a 9-wk treatment with BEP, compared to saline-treated controls. This tendency was also seen in elongating spermatids of animals given a 9-wk recovery period after BEP treatment. Taken together, the propensity for the increased expression in elongating spermatids of all regulators of histone removal compared to control indicates that histones should be, but in fact are not, appropriately displaced in spermatozoa after a 9-wk BEP recovery period.
Deficiency in Chromatin Effector Protein May Cause Insufficient Histone Removal
BRDT (bromodomain testis-specific protein) is a key regulator of histone removal during spermiogenesis [27] . In response to an increase in histone H4 acetylation, BRDT interacts with SMARCE1, an effector protein of the SWI/SNF family, to facilitate chromatin remodeling [27] . Therefore, to further understand the retention of modified histones in spermatozoa after a 9-wk recovery period, the expression of BRDT and SMARCE1 was determined in round spermatids, elongating spermatids, and spermatozoa, exclusively in recovery animals, 9 wk posttreatment with BEP or saline.
The protein expression of BRDT was significantly elevated in round spermatids after 9-wk recovery, but remained unchanged in elongating spermatids and spermatozoa of drug-treated animals, compared to controls ( Fig. 2A) . SMARCE1 was significantly increased in round spermatids 9 wk after BEP exposure; however, in elongating spermatids, where histone removal is pivotal, its expression was significantly decreased following BEP treatment (Fig. 2B) . Thus, the expression of BRDT is stable in elongating spermatids, despite the increased acetylation of histone H4. Moreover, the striking reduction of SMARCE1 subsequent to BEP exposure may create a ratelimiting step in histone expulsion.
Increased Expression of Proteins that Regulate Translation in BEP-Treated Animals 9 Wk Posttreatment
The marked reduction in the protamination of spermatozoa from animals treated with BEP and subjected to a 9-wk recovery period, as reported in our previous findings [10] , prompted us to evaluate the regulation of protamine 1 (PRM1) translation and its sperm DNA-binding ability in round spermatids, elongating spermatids, and spermatozoa following treatment with saline or BEP (Fig. 3) . A translational regulator of PRM1 is poly(A)-binding protein (PABP), a protein that binds to the poly(A) tail of various mRNA transcripts, including PRM1, during spermiogenesis and inhibits their translation due to mRNA storage [28, 29] . The expression of PABP was not significantly changed following 9 wk of treatment with saline or BEP in spermatids or spermatozoa (Fig. 3A) . Similar results were observed in spermatids following a 9-wk recovery period after treatment; however, BEP-exposed spermatozoa showed a remarkable, highly significant increase (greater than 7-fold) in PABP protein expression compared to control after the 9-wk recovery period.
The activation of PRM1 translation has been associated with the expression of TRBP2 (TAR [HIV-1] RNA binding protein 2) [30, 31] . TRBP2 protein concentrations were unaffected following 9 wk of treatment with saline or BEP in round spermatids, elongating spermatids, and spermatozoa (Fig. 3B) . 
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However, a significant increase (1.5-fold) in TRBP2 compared to control was observed in elongating spermatids 9 wk post-BEP treatment, with the trend continuing in spermatozoa. Taken together, these results indicate that PRM1 translation is in fact increased during spermiogenesis only in animals that have had an additional 9-wk recovery period after drug treatment.
SRPK1 (SRFS protein kinase 1) is the kinase responsible for phosphorylating and ultimately facilitating the correct binding of PRM1 to DNA [15, 32] . Immediately following the 9-wk treatment with saline or BEP, an increase in SRPK1 protein expression was detected only in round spermatids exposed to BEP, compared to their control counterparts (Fig. 3C) . Interestingly, the expression of SRPK1 was also significantly increased 9 wk post-BEP treatment, with a greater 3.7-fold change in elongating spermatids and a greater 3.3-fold change in spermatozoa (Fig. 3C) . Thus, the ability of PRM1 to bind DNA does not seem to be the reason for the significant absence of protamination in spermatozoa following a 9-wk recovery period.
Altered Sperm Chromatin Composition Is Associated with a Decrease in Litter Size
Following the 9-wk treatment and 9-wk recovery periods, the effects of histone-protamine ratio alterations and histone retention in mature spermatozoa on male fertility and progeny outcome were evaluated by mating the male rats with two naturally cycling, virgin females. Calculating the percentage of females pregnant after every mating allowed for the assessment of male fertility. There was no difference in the percentage of pregnant females that were obtained between the matings set with saline-or BEP-treated males. Females were allowed to deliver normally, and pups were counted on PN6; the number of pups per litter sired by fathers treated with BEP was significantly reduced compared to that of fathers treated with saline (Fig. 4) . Thus, although male fertility was not affected post-BEP treatment, the modified chromatin integrity of the fertilizing sperm resulted in a decrease in the number of progeny obtained.
Changes in Gene Expression in the Testes of Offspring Sired by Postrecovery BEP-Treated Males
To determine if changes in gene expression ensued from an altered paternal chromatin structure, microarrays were done on testes from PN6 pups that were sired either by saline-or BEPtreated males after a 9-wk recovery period. Of the 30 507 probe sets present on the array, 20 687 (67.8%) were commonly expressed in the testes of pups sired from control and BEPtreated males (Fig. 5A ). An additional 394 probe sets were 4 . The sizes of litters sired by males exposed to BEP or saline for 9 wk followed by a 9-wk recovery period. Bars represent means 6 SEM. n ¼ 6 males, average of two matings each. *P , 0.05.
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expressed only in testes of pups sired by control males, while 139 were solely expressed in testes of BEP-sired pups (Fig.  5A) . Remarkably, of the 394 probe sets expressed only in control, 17 (4.3%) are specifically involved in reproduction, according to gene ontology analysis, with five probe sets having an essential role in spermatogenesis; these are Crem, Notch1, Cnr1, Acvr2a, and Neurl (Table 1) . Changes in the mRNA expression of Crem in PN6 testes of pups sired by fathers treated with saline versus BEP was further confirmed by real-time quantitative RT-PCR, where the expression of Crem was virtually absent in the testes of pups sired by BEP-treated males (Fig. 5B) . Of the 20 687 shared probe sets, none were considered significantly affected, with at least a 1.5-fold difference in expression in PN6 testes of pups from BEPtreated fathers compared to control.
Modified Sperm Chromatin Is Partially Maintained in the F1 Generation
The deficiency in expression of a number of reproductionrelated genes in the testes of PN6 pups sired by BEP-treated fathers compelled us to evaluate the reproductive parameters of these pups as they entered adulthood. At PN63, 9 wk after birth, when the first wave of spermatogenesis has been completed, body weight, testis weight, epididymal weight, and sperm counts of progeny sired by saline-and BEP-treated males were not significantly different (Supplemental Table S1 ; all Supplemental Data are available online at www.biolreprod. org). The next question was whether the sperm chromatin of these progeny was affected. Western blot analysis revealed that histones HIST1H1D (H1.2), HIST2H2AA3 (H2A1), and HIST1H4B (H4) showed no significant differences in protein expression in spermatozoa of control and BEP-sired progeny (Fig. 6, A, B, and D) . Interestingly, the protein expression of HISTH2BA (H2B1A), a testis-specific variant histone, was significantly elevated in the spermatozoa of BEP-sired offspring compared to control (Fig. 6C) . To gain further insight into the degree of chromatin compaction in F1 spermatozoa, the CMA3 assay was used to quantify the extent of protamination; CMA3 fluorescence was not different between the offspring sired by control or BEP-treated fathers (Supplemental Fig. S1 ).
DISCUSSION
Various mechanisms have been proposed to act in concert to facilitate the widespread displacement of histones and their replacement with protamines during spermiogenesis. Acetylation, specifically of histone H4, in addition to phosphorylation and histone ubiquitination are very common posttranslational modifications implicated in histone removal [33] [34] [35] [36] . Furthermore, null-mutation mouse studies have shown that PARP-1 deficiency causes the retention of histone H1 linker protein in sperm, which may result in the retention of other core histones as a secondary effect [37, 38] . Surprisingly, our results indicate that Ac-H4 was significantly increased in elongating spermatids that had been treated with BEP and subjected to a 9-wk recovery period versus their control-treated counterparts, with the trend continuing in mature spermatozoa. RNF8 depicted similar results, with a significant increase in mature spermatozoa, while PARP-1 protein expression was significantly   FIG. 5. A) The numbers of probe sets expressed in PN6 testes of offspring sired by control or BEP-treated rats after a 9-wk recovery period (n ¼ 5). B) Relative mRNA expression of Crem in testes of PN6 pups sired by control or BEP-treated rats following a 9-wk recovery period (n ¼ 4). Bars represent means 6 SEM. **P , 0.01. MASELLI ET AL.
elevated in elongating spermatids 9 wk post-BEP treatment. Taken together, our data suggest that histone eviction activity is in fact enhanced; however, downstream players of chromatin reorganization must be negatively affected by BEP treatment, given the continual overexpression of Ac-H4 and cH2AX in mature cauda sperm, regardless of the upregulated mechanisms of histone displacement. Interestingly, the increased expression of PARP-1 and cH2AX in elongating spermatids following 9 wk of treatment with BEP and a 9-wk recovery period compared to control may be a consequence of an increase in DNA strand breaks after treatment with BEP [9, 10] , since PARP-1 and cH2AX also have very well-defined roles in DNA damage recognition and repair [39, 40] . Chromatin remodeling factors that contain special reader domains recognizing posttranslational histone modifications have been identified and are crucial to enable the extensive chromatin remodeling events that occur during mammalian spermiogenesis [27] . Two prominent reader domains interact with modified histones: bromodomains, recognizing acetylated lysines [41] , and chromodomains, interacting with methylated lysine [42] . A testis-specific bromodomain protein called BRDT is a key molecule participating in chromatin remodeling during spermiogenesis [27, 43, 44] . BRDT colocalizes with acetylated H4 in elongating spermatids and interacts with SMARCE1, a member of the SWI/SNF family of ATPdependent chromatin-remodeling complexes, through its Nterminus, leading to histone removal [27] . Furthermore, the interaction between SMARCE1 and BRDT increases dramatically upon histone hyperacetylation [27] . The absence of BRDT upregulation and the coincident significant reduction in SMARCE1 expression in elongating spermatids exposed to BEP (followed by a recovery period), at a time when histone H4 acetylation is significantly elevated, may contribute to the decrease in histone displacement in mature spermatozoa 9 wk post-BEP treatment. Curiously, BRDT and SMARCE1 are significantly increased in round spermatids 9 wk post-BEP treatment compared to control-treated animals; however, their colocalization has been shown to be negligible in round spermatids and increases dramatically in early-and midelongating spermatids, predominantly in the anterior region where the wave of histone acetylation/displacement begins [27, 34] , indicating a potential alternate role for these proteins in early spermatogenesis.
The proper translational control and temporal expression of key proteins, such as protamine, during spermiogenesis is essential for accurate germ cell development (reviewed in [45] ). We have determined the protein expression of PABP, TRBP2, and SRPK1-proteins implicated in the translational control and posttranslational processing of protamine 1 [29, 31, 32] in round and elongating spermatids as well as in mature spermatozoa-following BEP treatment with or without a 9-wk recovery period. Our results suggest that although the translation of protamine 1 was amplified in elongating spermatids following the cessation of BEP exposure, PRM1 levels in mature spermatozoa were significantly reduced [10] . It is commonly thought that competition for DNA binding with very basic DNA-interacting nonhistone proteins, such as transition proteins and protamines, controls the final shift from a nucleosome-based to a protamine-based genome organization [46] . Intriguingly, our data argue that the degree of histone eviction dictates the DNA availability for protamine binding since the increased translation of PRM1 fails to competitively displace the persistently bound histones in spermatozoa.
It is well established that sperm chromatin integrity and male fertility are highly correlated; abnormal histone retention or protamine deficiency in sperm is associated with a reduction in fertility and an increased risk of embryonic failure after fertilization [47, 48] . Consistent with previous results, which demonstrated a significant elevation in early postnatal death in pups sired by BEP-treated males after 9 wk of treatment [8] , males allowed a subsequent 9-wk recovery period also displayed a significant reduction in progeny. This may result from an altered histone-protamine ratio, DNA mutations, or changes in crucial epigenetic marks.
Various studies have highlighted the importance of the sperm epigenome on early embryo development, identifying a major role for retained histones in spermatozoa [18, 49] . In line with these results, we assessed the impact of an altered sperm chromatin, abnormally high in histones and reduced in protamines, on the profile of genes expressed in PN6 testes, a window in development when the establishment of spermatogonial stem cells is predominant [50] . We found that an impressive number of genes involved in reproduction were expressed solely in the PN6 testes of pups sired by control/ saline-treated fathers, leading us to hypothesize that the more transcriptionally responsive nature of BEP-treated sperm chromatin, with its higher histone-protamine ratio, may be responsible for precocious gene expression in PN6 testes of the F1 generation compared to progeny sired by saline-exposed spermatozoa. Namely, the significant reduction in the expression of Crem, a gene involved in spermatogenesis [51] , in PN6 testes of offspring sired by postrecovery BEP-treated males 
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might have been anticipated to result in animals having abnormal testis weights and sperm counts; this was not observed in these animals at PN63 [Supplemental Table S1 ]. The timing of changes in the expression of such genes during development may be an important determinant of their impact on testicular function.
Modifications in the regulation of gene expression at the level of spermatogenic stem cells have the potential to permanently disrupt the expression of genes throughout spermatogenesis. Furthermore, a failure in epigenetic reprogramming produces offspring with a greater susceptibility to disease [52, 53] . With the protein expression of testis-specific variant histone HISTH2BA (H2B1A) significantly increased in spermatozoa of BEP-sired offspring compared to control, the faithful reprogramming of the male epigenome is questionable. Thus, the altered paternal chromatin in males treated with BEP followed by a 9-wk recovery period is in part inherited in spermatozoa of the F1 generation, potentially manifesting a plethora of downstream consequences.
As outlined in Figure 7 , our findings demonstrate that following recovery from treatment with BEP, the expression of key chromatin remodeling proteins is perturbed, leading to the abnormal retention of histones in mature spermatozoa. The resulting chromatin structure, with a potentially altered epigenome, leads to a decrease in litter size and affects gene expression in the developing testes of the offspring. Moreover, the inheritance of increased histone H2B1A in mature sperm of BEP-exposed offspring compared to control may result in changes to the male epigenome, potentially affecting numerous pathways.
